Weld pool surface can change dynamically during welding and is indicative of information critical to controlling the process. Research has picked up in the field of observing the weld pool surface to understand the dynamics of the welding process. This paper will help visualize and understand the physics involved in observing the weld pool surface. A study of laser properties, weld pool and camera optics was incorporated in developing a model to describe the mechanism of observing the weld pool surface from specular reflection. This observation method projects a laser beam on the pool surface through an optical grid with a frosted glass attached. The corresponding specular reflection is calculated, which is derived based on the reflection law. The reflected laser beams are then captured by the camera to form the image. The model can be used to predict the outcome of experiments with grids placed in front of the laser and to determine the position where the camera should be placed to acquire the best image. Preliminary results showed that the camera should be placed with the weld pool along the optical axis, and the aperture should be as large as possible to allow as many rays into the camera as possible. The model can be used to find the optimal location of the laser and camera for materials of different thickness, by moving the electrode higher in the simulation, and adjusting the laser and camera location accordingly. The paper will give some insight into problems that might be encountered in observing the weld pool, and suggest the set-up of the laser and camera for obtaining the best image.
Introduction
Observation and the study of the weld pool surface can provide information related to the welding process, which can ultimately be used to develop a control procedure. Weld penetration control is the fundamental subject in automated welding. Several methods have been studied, including pool oscillation [1] [2] [3] , ultrasound, infrared sensor [4, 5] , radiography etc. Ultrasound based weld penetration sensing has been extensively investigated at the Idaho National Engineering Laboratories [6] . Despite significant progress, practical application is still restricted due to the requirement of a contact sensor. At Georgia Tech, a non-contact ultrasonic sensor is under development [7, 8] . The difficulty associated with this problem is to find a precise and reliable way to measure the weld penetration using only topside sensors that move with the torch. The three-dimensional surface of the weld pool can provide abundant information about the welding process. However, measuring the three-dimensional surface of the weld pool is challenging. First, the bright arc light makes the weld pool difficult to see clearly. Second, the liquid surface of the weld pool is mirror-like, which makes the regular structured light method for three-dimensional measurement ineffective. To measure the three-dimensional surface of the weld pool, a novel measurement method has been proposed and studied at the University of Kentucky [9, 10] . An algorithm has been developed to process the image acquired [10] . This method uses a high-speed shutter camera assisted with a pulsed laser to view the weld pool through the bright arc light and uses a frosted-glass based grid to project laser stripes in order to image the mirror-like liquid pool surface. Initial experiments with this sensing method at the University of Kentucky have provided successful results. However, due to the lack of mathematical modelling of the system, the study was limited to image processing and qualitative explanation [9, 10] . To quantitatively determine the three-dimensional surface of the weld pool from the image and to optimize the design of the measurement system, the measurement system must be fully understood and be mathematically modelled.
In this work a mathematical model for the threedimensional surface measurement mechanism is established that describes the relationship between the resultant image, the three-dimensional surface of the weld pool in guided gas tungsten arc welding (G-GTAW, a novel arc welding process being developed under the grant which funds this present study), and the image system parameters. In order to help assist the design of the system, the optical model of the observation system has also been mathematically formulated. The model can be used to analyse the influence of system parameters such as the position and angles of the imaging system. It can also be used to maximize the accuracy and the robustness of the system. This paper is organized as follows. In section 2, the principle of the 3D measurement system to be modelled is briefly summarized. Section 3 models the weld pool and laser. In section 4, the physics principle used to generate the reflection and the algorithm used is explained. Section 5 is dedicated to the modelling of the optics principle of the camera and the simulation of the measurement system using the developed models. In sections 6 and 7 the simulation and the results are discussed. Section 8 summarizes the work done, and details future work.
System
The system to be modelled is shown in figure 1 . To acquire the 3D weld pool surface information, a special technique must be implemented. The common practice for determining the 3D shape of a surface is to project a structured light onto the surface and sense the diffuse reflection of the structured light. The shape information can then be extracted from the deformation of the structured light. However, the weld pool surface is mirror-like smooth and no substantial amount of structured light can be reflected diffusely. It appears that only specular reflection can be utilized. In the case of specular reflection, the observed scene is the virtual image of the original object [11] . The relationship between the original and its virtual image is determined by the shape of the mirror surface. Usually, structured light is formed by projecting a laser through a grid. The sole function of the grid is to form the structured light stripes. As the light passes through the grid, its direction of travel is unchanged. This causes the virtual image of a laser point source to be a single spot despite the shape of the mirror-like surface. Thus, a bright spot as shown in figure 2 is sensed by the camera [9] , and no shape information about the reflection surface is contained in the image. To acquire shape information, a novel incident mechanism of structured light, as shown in figure 3 , has been proposed [9] .
The proposed incident mechanism of structured light is realized through a specialized grid. This grid consists of a common grid and frosted glass. When the laser is projected onto the frosted glass, the laser travel direction will be changed, see figure 3 . From the viewpoint of light travel, any point of the frosted glass can be considered as a new point light source which disperses light with a certain diffuse angle, see figure 3 . The camera views the slits (grid openings) through their reflection from the weld pool surface. Their virtual image consists of bright stripes deformed by the weld pool surface deformation (figure 3) and is sensed by the camera. The surface shape of the weld pool is contained in the acquired image. Further, the shutter of the camera is synchronized with a pulsed laser so that the laser can be much brighter than the arc when the weld pool is imaged. As a result, the effect of the arc radiation is eliminated and a clear image of the weld pool is acquired [9] .
Modelling weld pool surface and laser

Weld pool surface
Although the weld pool surface is not part of the measurement system, simulation cannot be done to optimize the measurement system without some assumed weld pool surfaces. It is known that the weld pool surface has two interfaces, the liquid-vapour and solid-liquid interface. The equation that governs the balance at the liquid-vapour and solid-liquid interface under the quasi-steady state condition is used to obtain the shapes of these interfaces [12, 13] . The resultant liquid-vapour interface S l is
where
, L m is the liquid coefficient, L b is the air coefficient, T 0 is the initial temperature of the work piece in kelvin (50
• F), T b is the boiling point in kelvin and T m is the melting point of the metal in kelvin. Other variables, R 0 , A, P, ρ, v and C p , are listed in table 1. The solid-liquid interface is expressed as
where Each state of the weld pool is defined by two equations, depending on the value of the x-coordinate. The equations were reworked with the absolute function into one equation. The remodelled equation of the weld pool in liquid-vapour state is
where s = x − 2R 0 Pe l . This facilitates the mathematical differentiation of the shape. It should be pointed out that the above analytical models are derived from laser welding. Although laser weld pools are in general different from those of gas tungsten arc, shallow laser weld pools generated by a low-power, defocused (large diameter) beam should be similar to those of gas tungsten arc. Further, the focus of the present research is to measure three-dimensional surfaces of weld pool and the measurement system is modelled to study the effect of the system parameters on measurement results. The surface of the weld pool is given only as input parameters. More importantly and practically, limited work has been done to establish analytical models for gas tungsten arc weld pools. Hence, in this paper the analytical models derived from laser welding are used to approximate gas tungsten weld pool surfaces using an energy beam wider than typical laser applications.
Laser divergence
Light is a form of electromagnetic radiation. It travels through space as waves and occurs at different wavelengths. Laser light is different from other sources of light because it is monochromatic, and its waves have a narrow range of wavelength. Most lasers, such as the Sealed Nitrogen Laser LN300 manufactured by Laser Photonics with output wavelength of 337.1 nm used in this research, emit light at one wavelength. Laser light is also coherent. This optical property of laser distinguishes it from other light sources. Coherence is simply the measure of the degree of phase correlation that exists in the radiation field of a light source at different locations and different times. Laser light has a high degree of directionality, and the light is created with precise definition and minimum angular spread. Laser light also has a high radiance (source intensity).
The beam spread angle φ and its characteristics outside the cavity are determined by solving electromagnetic waves in an open cavity. The beam divergence angle is given by the relationship
where λ is the wavelength of the laser beam and D is the diameter of the laser beam at its beam waist [11] (figure 4). The pattern of the laser beam imaged on a screen consists of a central, bright circular spot, the airy disc, surrounded by a series of bright rings as shown by figure 5. In this model the airy disc around the laser has been ignored for computational simplicity.
Most lasers are fitted with mirrors and lenses to re-direct the beam. The effect of these additions to the laser beam can be observed and measured practically. The fibre-optic through which the laser is emitted can be placed at a predetermined distance from a sheet of paper, and the laser spot diameter Boiling temperature, measured. The angle of divergence can be calculated using trigonometric triangles as
where 'Diameter' is the measured diameter of the laser spot, and 'Dis' is the distance between the fibre optic and the screen.
Algorithm
The simulation represents lines as several points connected together, and surfaces are simply arrays or matrices with the column and row being the x, y coordinate respectively, and with the scalar at that location as the z-coordinate. The resolution of the figures can be significantly increased by increasing the number of points used to represent each line, and increasing the size of arrays representing the surface. The surface of the weld pool is first plotted, using surface equations as detailed in section 3. The torch is then introduced into the same figure. This will help visualize and find the location of the laser, from where it will be targeted on the weld pool. The torch is cylindrical in shape and assumed to be 14 mm end to end. The torch and weld pool shape are illustrated in figure 6 .
Next, the coordinates of the laser are entered and the laser beams are drawn as emerging from that point onto the weld pool. The divergence of the laser is considered in the model. In order to display the divergence of the laser, several lines within the area of divergence were drawn as shown in figure 7 . The diverging laser beams are calculated and drawn based on the centre of the laser beam. The distance between the laser and the weld pool should be large enough so that the beam diverges, and covers the shape of the weld pool completely. The laser beam should also not pass through the torch. This will cause shadows to be formed on the image of weld pool.
During welding, the molten metal acts like a mirror and any incident light falling on the metal is reflected according to the law of reflection, which states that the angle of incidence equals the angle of reflection. In the simulation, the reflection of the laser beam was drawn by calculating the tangent plane of weld pool shape at the point of intersection of the incident beam and the pool shape. The tangent equation is given as , y) is the partial derivative with respect to y [14] . Next, a normal vector was computed using two vectors on the tangent plane and by taking the cross product between the two vectors. This normal vector would be used to determine the angle of incidence. Orthogonal projection of the laser beam onto the normal vector was computed. The orthogonal projection of the incident ray onto the normal and reflected ray on the normal were matched. The orthogonal projection of the reflected ray onto the normal should be equal to the orthogonal projection of the incident ray onto the normal, because the normal, the incident ray and the reflected ray form two similar triangles with equal angles between them (by the law of reflection). When treated as a vector in threedimensional space, the direction of the orthogonal projection points towards the direction of the reflected ray. Figure 8 (a) details the use of orthogonal projection to find the reflected ray. Figure 8(b) shows the laser rays being reflected off the weld pool in the simulation model.
Modelling the camera
A camera can be modelled as a convex lens with a screen placed after the lens where the image forms. In this simulation the camera was modelled using a simple aberration-free convex lens with a finite focal length and a screen ( figure 9 ). Using the optics principle, i.e. that rays converge to the focal length after passing through the convex length and the rays passing through the centre of optics will pass without refraction, the behaviour of the rays passing through the camera can be modelled and used to predict the image formed on the screen. Figure 10 demonstrates the physics of the optics.
The non-idealistic behaviour of the camera lens due to the cosine-fourth effect and the vignetting effect occurring because of the uneven exposure of the aperture were ignored as the weld pool will be approximately along the optical axis of the lens, and a thin aperture will be used to observe the weld pool which will circumvent these two phenomena [11] . Other parameters that need to be controlled are the location of the camera and the opening aperture of the camera. The simulation can be used to locate the position of the camera, where the highest quality of image can be acquired. This location will be where most of the rays are reflected after hitting the weld pool surface. The goal should be to intercept as many rays as possible through the aperture of the camera. The wider the opening of the aperture, the more light enters into the camera.
In the simulation after the reflected rays are drawn, the camera is placed at the point where most rays seems to converge, and the screen is placed at the focal point on the lens. The rays after converging through the convex lens form an image on the screen. The distance of the object and the image are related by the following equation:
where s = distance of the object from lens, s = distance of the image from the lens, and f is the focal length of the camera lens. The camera captures the 3D world scene, and transforms it into a 2D image. Along with this transformation the size of the actual object is also changed. The magnification of the image is given by the equation m = A camera is a measurement device which uses the properties of light and object reflectance to sense the world, and images can be defined as the record of energy (light) emitted from a particular scene in the world. Surfaces can be thought of as sources of light which radiate energy. The radiance of the surface is a function of the light falling on it and is given by
where φ is the power of light source illuminating the surface, A f is the foreshortened area where radiance is being measured, w is the angle at which the light is radiating from the surface, and L is the power per unit foreshortened area emitted into a solid angle. The camera relates this radiance of a surface to the irradiance on the image plane. Irradiance is defined as the power per unit area falling on a surface, or in other words the amount of light falling on the plane. If the surface is not radiating any light, there will be no irradiance on to the image plane in the camera, and therefore no image will be captured. For our application, the reflection of the laser light can be thought of as the radiance of the weld pool surface. If the light reflected from the surface of the weld pool is not captured by the camera then no image will be formed. In the simulation, based on the judgment of the reflected rays, the camera and screen are placed on the desired coordinates, and the image captured on the screen. To find the convergence of the reflected ray once it passes through the convex lens, two more lines are imagined to come from the same point of reflection. One ray is drawn parallel to the optical axis of the convex lens, which passes through the focal point after passing through the convex lens, and the other ray is drawn to pass through the optical centre un-refracted. The point of intersection of these two rays behind the convex lens will be the point where the reflected ray, emerging from the same point as the rays, will converge as shown in figure 10 . Figure 11 (a) shows the reflection of the laser from the weld pool surface. Figure 11(b) shows the placement of the camera convex lens in the simulation to capture the image. Figure 11(c) shows the formation of image on the screen placed at 1/4 of the focal length of the convex length. The distance of the screen from the convex can be adjusted, and hence the focusing of the camera changed. A focused image is formed on a screen placed at a distance of the focal length from the convex. The goal of the simulation is to maximize the rays intercepted by the camera.
Simulation of measurement system
Determining the system parameters
The simulation can be run step by step to determine each parameter individually. For example, first the model of laser, weld pool surface, and the electrode will be used to determine the position of the laser. Several trials can be made in the placement of laser to determine the exact co-ordinates such that the laser does not hit the electrode, and to ensure that the laser will cover the entire surface of the weld pool. The electrode height can be adjusted to the desired value (typically between 3 and 6 mm in G-GTAW), and the simulation run to find the best location of the laser. In figure 12 (a) the simulation was run with the electrode at the height of 5 mm, and the best position of the laser was determined to be (0, 6, 5), where 0 will be the real world x-coordinate, 6 mm is the y-coordinate, and 5 mm is the z-coordinate.
With the location of the laser determined, the simulation can be used to check the reflection of the laser rays at that desired location. The reflected rays are drawn, and traced to see if the rays that pass the lens contain the weld pool information. Figure 12 (b) shows a possibility where the rays reflecting off the end of the weld pool surface are captured by the camera, whereas the rays in the centre of the weld pool, and those closer to the laser, hit the electrode after reflection and are not captured by the camera. This might suggest changing the laser location so that the angle between the laser rays and the x-y plane is reduced: by lowering the height of the laser. Decreasing the angle between the laser rays and the x-y plane would make the reflection have a smaller angle between the x-y plane (based on the law of reflection), and hence make it possible for the rays to clear the electrode.
Simulation of measurement system
In the proposed measurement, optical grids are used to form different patterns. The distortion of the patterns due to specular reflection off the surface is used to determine the surface of the weld pool. For example, an opaque grid with n×n holes can be placed between the laser and the weld pool. The grid will block most of the laser, allowing the laser to pass through the holes only. The laser which passes through the grid re-emits after passing through the frosted glass and diverges. The diameter of the grid hole will be the new waist diameter, D. Equation (4) from section 2.2 can be used to calculate the divergence angle. Figure 13 shows the simulation with a 3 × 3 grid placed between the laser and weld piece. The grid is an array of small holes equi-distant from each other arranged in a rectangular pattern. Figure 13 by the imaging system. In this simulation run, reflection for the third row of the grid was not captured by the camera. Figure 13 (b) shows a better placement of grid and camera. In this simulation run, the camera was placed a little further away from the work piece to allow more rays to be captured by the camera. The image captured at the coordinates of the second simulation run will contain more information. Sometimes the rays undergo double reflections from the surface of the weld pool. These 'second' reflections can be detected by the simulation, but they never make it to the imaging system due to the angles they have after reflection.
Results
To test the developed model, the laser stripe was projected onto a flat smooth surface, and the camera used to observe the image. The simulation result is displayed in figure 14(a) . The surface was flat and reflecting, and therefore the image is the same as the grid pattern. Since the simulation assumes a discrete laser source, the dots on the simulated results are the reflected laser. The result after joining the laser stripes, and marking the boundary, is shown in figure 14 (b) and the actual picture from a camera is shown in figure 14(c) the actual camera results show resemblance in that they both capture the continuous horizontal laser stripes as predicted.
In an attempt to capture the weld pool image using the system described above, the laser was projected onto the weld pool and a striped grid placed before the laser, so that straight lines of laser fell upon the weld pool. The camera was used to observe the image. The image with a striped grid yielded the results shown in figure 15(a) . The image was characterized by clear boundaries and distorted laser stripe pattern. The small black projection on the top of the image is the shadowing caused by the electrode tip.
When the simulation was run with the striped grid placed before the laser to simulate the experimental set-up of the lab, positive results were yielded which were exceptionally close to the original image. The simulation results are shown in figure 15(b) . Since the simulation assumes a discrete laser source, the points on the simulated results are the reflected laser dots. The result after joining the laser stripes, and marking the boundary, is shown in figure 16 . The boundary of the weld pool is very prominent in the simulation result and the laser stripes are also distorted due to the shape of the weld pool, as predicted from the real weld pool pictures. However, since the shape of the weld pool cannot be precisely controlled or determined during the experiments, the simulation results will be close to the experimental results but not exactly the same, due to the variation in the weld pool shape.
In another simulation run, the laser was projected at a different angle and the focusing of the camera changed. The set-up is shown in figure 17(a) . The corresponding image on the screen is shown in figure 17(b) . After joining the dotted laser points, and marking the boundary, the result is illustrated in figure 17(c) . The image bears a close resemblance to the original image, with clear boundaries and laser stripes along the weld pool surface.
Conclusions and future work
The models developed will assist future research in observing the weld pool. They can be used to predict the outcome of experiments with grids placed in front of the laser and to determine the position where the camera should be placed to acquire the best image. Preliminary results show that the camera should be placed with the weld pool along the optical axis, and the aperture should be as large as possible to allow as many rays into the camera as possible. The model can be used to find the optimal location of the laser and camera for materials of different thickness, by moving the electrode higher in the simulation, and adjusting the laser and camera location accordingly. This is a first step towards gaining an insight into the proposed measurement method for the three-dimensional surface of a weld pool. The goal is to fully understand and mathematically model the proposed measurement system. The set of mathematical models obtained in this paper are certainly subject to possible modification and revision. Using the set of revised mathematical models, the parameters of the measurement system will be able to be further optimized and the mathematical foundations will be able to be derived to calculate the three-dimensional specular surface of the weld pool from the image captured using the proposed system.
